We present results from a survey for fast pulsars at the Arecibo Observatory. Approximately 260 square degrees of sky were searched, primarily at Galactic latitude jbj < 8 . Signals were sampled at intervals of 517 s, allowing for the possibility of detecting pulsars with periods as short as 1 ms or less. Sensitivity varied as a function of sky position. In a typical direction, long period pulsars with ux densities of order 0.9mJy at 430 MHz could be detected, although sensitivity to the fastest pulsars was somewhat curtailed. Sixty-one pulsars were detected, twenty-four of which were previously unknown. Four of the pulsars, two newly discovered, have millisecond periods.
Introduction
Over the past quarter century, large-scale surveys speci cally designed to detect pulsed radio signals have proven to be a highly productive means of nding pulsars. While most of the sky has been searched for long period pulsars (Manchester et al. 1978; Stokes et al. 1986) , similar searches for pulsars with millisecond periods have been undertaken only recently. We report here on high sensitivity observations of 260 square degrees of sky along the Galactic plane, made with equipment capable of detecting pulsars with rotation periods as short as 1 ms. The survey was sensitive to slow pulsars (period of order 1 second) as well as millisecond pulsars, and provided sensitivity to such objects comparable to or greater than that attained by previous surveys.
The observations were made at the Arecibo Observatory. Portions of the region of the sky observed have been searched for pulsars before, using the same telescope at the same radio frequency (430 MHz) as the present work. The rst pulsar survey in this region was undertaken by Taylor (1974, 1975) , who had ux limits comparable to the present observations for long{period pulsars. Fifty pulsars were detected in their survey, including 40 previously unknown sources, in 140 square degrees of sky. Particularly notable was the discovery of the relativistic binary system containing PSR B1913+16. The data sample interval of 16.7 ms used in this survey made it incapable of detecting millisecond pulsars (which were not then known to exist). Segelstein (1986; see also Stokes et al. 1986 ) conducted a survey in the same direction but with su ciently fast data acquisition equipment to detect pulsars with periods as short as 0.6 ms. Because a relatively narrow passband was used, this survey was somewhat less sensitive to slow pulsars than the Hulse{Taylor survey. This survey covered 289 square degrees. Nineteen known sources were re-detected, and ve new pulsars discovered, including the millisecond pulsar B1855+09. Perhaps the most signi cant result of the Segelstein survey was its demonstration that surveys with ux limits of a few milliJanskys directed towards the Galactic plane nd far fewer millisecond pulsars than slow pulsars.
Several advances have allowed us to perform a much deeper search for millisecond pulsars. The telescope receivers were upgraded, resulting in system noise temperatures as low as 50{75 K. A new spectrometer allowed us to utilize the full 10 MHz passband of the telescope feed while sampling at an interval of only 516.625 s. Newly available supercomputer centers provided us with the means to process the data quickly and e ciently. We detected 61 pulsars, 24 of which were previously unknown. Of the 61, four are millisecond pulsars. PSRs B1937+21 and B1855+09 had been previously observed. PSRs B1957+20 and J2019+2425 were new discoveries. Detailed observations of these millisecond pulsars have been reported elsewhere (Fruchter, Stinebring, & Taylor 1988; Fruchter et al. 1990; Ryba & Taylor 1991; Nice, Taylor, & Fruchter 1993) . The slow pulsars, including the slowest one yet discovered (J1951+1123, with period 5.094s), form a typical subset of the overall pulsar population. Extensive observations of these sources have been described elsewhere (Camilo & Nice 1995) . 
Sky Coverage
The observations were made using the 305 m radio telescope at Arecibo, Puerto Rico. Its large collecting area makes it the instrument of choice for pulsar searches. However, its pointing is limited to zenith angles less than 20 ; given its latitude, this limits observations to declinations ?1 < < +39 , and within this region there are wide variations in the antenna's forward gain. Two portions of the Galactic plane can be observed: the Galactic anti-center (l 180 ) and the range 35 < l < 80 . Our survey covered a portion of the latter area, primarily within ?8 < b < +8 .
Survey observations were made by tracking individual points on the sky for 67.7 s. Points were selected from a rectangular grid with spacing 9 0 , approximately the half-power beam width of the telescope. The grid was de ned in current (1987.0) coordinates to allow for the possibility of switching conveniently to constant-declination, \drift mode" observations, although this mode was never implemented. Grid points had coordinates right ascension (1987:0) = 18 h 21 m 00 s + (38 s )n and declination (1987:0) = +0 04: 0 5 + (9: 0 0)n where n and n are integers. The separation between points was xed in right ascension, so the density of beam areas on the sky was slightly higher at higher declinations and lower at lower declinations. Figure 1 shows the sky coverage of the survey. A total of 10,300 beam areas were successfully observed, processed, and found free of terrestrial interference. Taking the area of the sky observed around each point as a 9 0 9 0 square, the total sky coverage was 260 square degrees. Within a single pointing, the gain varied by up to a factor of four due to variations in the radiation pattern of the telescope (M. Robison, personal communication). Median gain within a single pointing box was approximately 70% of peak gain. The e ect of this gain variation, along with other factors in uencing sensitivity, is quanti ed below. Non-uniformities in sky coverage re ect the irregularities of telescope scheduling as well as the unpredictable nature of radio frequency interference.
Data Collection
Data were collected across two 10 MHz passbands, one in each sense of circular polarization, centered at 430 MHz. The 430 MHz feed at Arecibo has a peak gain of 19.7 K Jy ?1 , but e ciency tapers o towards the edges of the passband, and average gain across the band was 15 K Jy ?1 . The system temperatures of the two receivers were 55 K and 70 K measured on cold sky. High sky temperatures along the Galactic plane and spillover at high zenith angles increased the true system temperatures, typically by a factor of two or more.
Due to the geometry of the telescope, gain was degraded and system temperature increased during observations directed away from zenith. At large zenith angles part of the feed illumination pattern falls on the ground rather than the primary re ector. The reduction in useful collecting area causes a corresponding reduction in gain; an increase in system temperature results from detecting ground noise ( 300 K) rather than sky noise (20 ? 200 K).
{ 5 {
The variation in gain and system temperature from one beam area to another caused variations in the search sensitivity of a factor of four. Using the known zenith response of the telescope (National Astronomy and Ionosphere Center 1989), and extrapolating sky temperature from the 408 MHz map of Haslam et al. (1982) , we calculated the relative sensitivity of each beam area. Results of this calculation, along with other details of the sensitivity of the search, are given in x4.
A correlation spectrometer was used to synthesize 128 narrow channels within the receiver passbands. The signal from each polarization was rst divided into four 2.5 MHz passbands, each of which was three-level sampled at 10 MHz, twice the Nyquist frequency. (Double Nyquist sampling partially compensates for the loss in signal-to-noise ratio due to coarse quantization. Estimated attenuation due to 3-level sampling was 11%; see Hagen 1985.) Each signal was auto-correlated, and thirty-two non-redundant lags were accumulated. Thus each 2.5 MHz passband yielded 32 spectral channels spaced at intervals of 78.125 kHz, and the overall 10 MHz band was split into 128 channels in each polarization. Lags were accumulated for = 516:625 s, values from opposite polarizations were summed, and the results were dumped to a computer. The raw data were too voluminous to write directly to magnetic tape, so samples were scaled and reduced to four bits before being stored for o -line processing.
Because the optimal quantization of the measurement of the (highly correlated) zero lag of the autocorrelation is di erent from the other (less correlated) lags, a separate measure of the total signal power was made in each 2.5 MHz passband. These total power values were appropriately scaled and substituted for the zero lags of the autocorrelation functions during data analysis.
Search Sensitivity: An Overview
Pulsars are weak radio sources, and searching for them without regard to their pulsed nature is not feasible with lled aperture telescopes such as the Arecibo instrument. Pulsars can be e ciently recognized only by detection of the periodicities in their emission. This introduces biases in the sensitivity to pulsars of varying rotational periods and dispersion measures. The relative sensitivity of our survey to pulsars with various parameters is most easily understood by Fourier domain analysis. Figure 2a shows the intrinsic emission pattern of PSR J2019+2425, averaged over many periods. This particular pro le is typical of short-period pulsars; longer-period pulsars have one or more peaks, usually close together, and total duty cycles (encompassing all peaks) of at most a few percent. The pulse shape as a function of time, s(t), where 0 t < P and P is the pulse period, can be approximated by a Fourier series,
(1)
We have employed a nite sum over n h harmonic components because this is what is normally { 6 { available in a pulsar search program. This decomposition is illustrated in Figure 2b , which emphasizes two important points. First, as the Fourier harmonic number increases, the corresponding amplitude decreases, but only slowly. Thus it is important to include, where possible, many harmonics of the signal in the pulsar search algorithm. Second, the phases of the harmonics are close to alignment: note that each harmonic has a crest beneath the main peak. Thus the phases as well as the amplitudes of the harmonics can be used to distinguish pulsar signals from noise.
The observed amplitudes S j of a harmonic with frequency f = j=P is reduced from its intrinsic values by two e ects: di erential pulse arrival times due to dispersion in the interstellar medium, and the use of a nite sample integration time. We discuss these e ects in turn. Within a narrow radio frequency range, j ? 0 j 0 , around center frequency 0 , the propagation time through the interstellar medium of radio signals from a source with dispersion measure DM varies as (t ? 
and is the spacing between channels. The detected signal from an impulse emitted by the pulsar simultaneously at all frequencies but dispersed by the interstellar medium therefore has temporal behavior (? t) within each spectral channel. The Fourier transform of this function,
where (x) 1 ? jxj for jxj < 1 and zero elsewhere, is the transmission function of the dispersion process.
A typical Galactic disk pulsar might have DM = 100 pc cm ?3 , so with our observing frequency 0 = 430 MHz and spectral channel spacing = 78:125 kHz, we have ?1 = 0:0008 s. For a slow pulsar with f = 1 s ?1 , then, T d (f) = 0:9992, so signals are nearly fully transmitted. However, transmission drops to T d (f) = 0:5 at f = 610 s ?1 , close to the spin frequency of the fastest known pulsar.
In our search system, the detected signals were boxcar integrated and recorded at xed intervals of = 516:625 s. Ideally the recorded signals would be ltered such that pulsar signals up to the Nyquist frequency, f N = (2 ) ?1 = 967:8 Hz, would be transmitted and those above this frequency would be blocked. The ltering performed as a side-e ect of the boxcar accumulation is far from ideal. The Fourier transform of the boxcar function,
gives the transmission of the sampling process. At the Nyquist frequency, transmission is nearly 40%, and it declines only slowly with increasing frequency. Thus, the fastest pulsar signals will be attenuated signi cantly. On the other hand, the possibility of detecting signals with frequency higher than f N is left open for a su ciently strong source. Such signals will be aliased into the spectrum at, e.g., frequency 2f N ? f. Note that, while noise power is attenuated at the same rate as signal power, high-frequency noise aliased into the noise spectrum has the e ect of attening the spectrum. Thus, as f is increased, the signal level is reduced while the noise level remains constant. Figure 2d shows the e ect of passing the Fourier components from Figure 2b through the lters of dispersion smearing and nite sampling used in this search. In Figure 2c , the observed components are re-assembled into the observed time-domain pro le, showing the smeared-out pulse shape. The widening of the pulse peak translates directly into a loss of sensitivity for the survey.
The amplitudes of pulse pro le harmonics for each of the four millisecond pulsars detected in this survey are plotted in Figure 3 , along with the same amplitudes reduced by the e ects of di erential dispersion delays and nite sample intervals. There are dramatic losses in the highharmonic signals from the fastest-spinning pulsars (B1937+21 and B1957+20), each of which has a period of about 1.6 ms (only 3 times the sample interval) and a fairly high DM. By contrast, while there are losses for the 5.3 ms pulsar B1855+09 and the 3.9ms pulsar J2019+2425, the e ect on search sensitivity is relatively modest, both because of the longer pulse periods and because of relatively large duty cycles (and hence intrinsically weaker high harmonics).
The Search Algorithm
Data were recorded on magnetic tape at the observatory and were processed o line. Each beam area, consisting of 131; 072 = 2 17 time samples in each of 128 spectral channels, was processed independently. Using the algorithm of Taylor (1974) , data from di erent channels were delayed relative to one another to compensate for dispersion. Time series were generated using 256 dispersion measures evenly spaced between 0 and 127 pc cm ?3 , 128 dispersion measures between 127 and 253 pc cm ?3 , and 128 dispersion measures between 254 and 507 pc cm ?3 . Since dispersion smearing was larger than 2 in the second range (and larger than 4 in the third range), we summed adjacent pairs of time samples in the second range (and sets of four adjacent samples in the third range) before processing. Thus each beam area provided 256 de-dispersed sequences of length 2 17 , 128 of length 2 16 , and 128 of length 2 15 , each corresponding to a di erent dispersion measure.
Each time series was Fourier transformed to yield spectra extending to frequencies as high as f N = 968 s ?1 . Recognizable terrestrial signals (in particular the 60 Hz commercial power frequency and its harmonics) were removed from the spectrum.
For the highest-frequency pulsars (i.e., those with f > f N =2), only one Fourier component has signi cant power in the Fourier spectrum. To search for such pulsars, the strongest single periodicity in each Fourier series was found by searching the amplitudes of the Fourier spectrum { 8 { for peaks, either single Fourier bins or split between two adjacent bins (for which amplitudes were computed by interpolation of complex Fourier coe cients). Although this step was primarily aimed at detecting pulsars in the range f N =2 < f < f N , the search for Fourier peaks was not restricted to this range; thus strong (or high-duty-cycle) pulsars with lower rotation frequencies could also be found in this step, although in general they could be detected more readily in other phases of the analysis.
The data reduction algorithm for pulsars with f < f N =2 was based on the a priori assumption that pulsar signals have low duty cycles and therefore many strong harmonics. As discussed above, the greatest sensitivity to these signals is attained by using both amplitude and phase information. This can be done by searching for strong, narrow peaks in time-domain pro les generated by folding search data at candidate periods. However, it is not computationally practical to do this for all periods, so some procedure must be used to cull the best candidates for time-domain analysis. We summed n h = 2, 3, 4, 8, and 16 harmonically related Fourier amplitudes, searching for relatively strong signals. For each candidate period found in this way, a time-domain pro le, with 4n h phase bins, was produced by inverting a series of up to 2n h complex Fourier coe cients. The signal-tonoise ratios for these pro les were calculated, based on the assumption that the signal should be present in at most two bins of the pro le.
Most beam areas, of course, did not contain pulsars. Due to the large number of degrees of freedom in the search, noise uctuations cause spurious \detections" with signal to noise ratio of 6 in a typical beam area. Over the 10,300 beam areas, random uctuations produce numerous false detections up to SNR = 8:5. Any signal with a SNR above this empirical (but reasonable, given the quantity of data) cuto was considered a candidate source and was re-observed to determine whether it was a true pulsar signal or simply a statistical uctuation or an artifact of terrestrial interference.
The signal-to-noise ratio of a time domain pro le of a pulsar with mean ux density S and duty cycle (fractional pulse width) w 1 is given by SNR = S w 1=2 ;
(6) where = T sys G(n p Bt) 1=2 ; (7) and G, T sys , B, t, and n p are telescope gain, system temperature, bandwidth, integration time, and number of polarizations. As discussed above, the gain and system temperature varied widely during this survey, so varied as well. The median value was = 0:43mJy.
For a discrete n-point pulsar pro le (perhaps generated by inverting n h = n=2 Fourier coecients), a Fourier domain version of equation 6 is
{ 9 { where we have assumed the pulsar signal to be entirely con ned to a single bin; this is equivalent to requiring the S j in equation 1 to be real, with the pulse peak occurring at t = 0. For a very narrow pulsar signal the intrinsic S j is S 0 for each j. However, the measured amplitudes are reduced by the dispersion and sampling lters discussed above. The observed SNR is
where f is the fundamental frequency of the pulsar. Extensive tests of the search code on a variety of long period pulsars showed that equation 9 typically overestimates the SNR by a factor of 2. This can largely be attributed to deviations of real pulsar pro les away from the model of an in nitesimally narrow pulse peak. In particular, few pulsars have su ciently low duty cycles (w < 0:015) to give 32 equally strong harmonics. An additional source of reduced SNR at long periods was a moderate increase in background noise at low frequencies (indeed, we found it expedient to lter out all signals of f < 2 Hz, removing low order harmonics of the slowest pulsars). While these processes a ect only long period sources, the wide variety of millisecond pulsar pulse shapes (particularly the prevalence of interpulses) suggest they too will tend to have somewhat less than the theoretical SNR. Therefore we have elected to include a factor of 2 reduction in sensitivity for all pulsars in the calculations below.
The sensitivity of the search to a pulsar with very small intrinsic duty cycle in a typical direction (with median system noise and gain) is shown in Figure 4 . The curves are based on our limiting SNR of 8.5, and including the empirical factor-of-2 upward adjustment. The small steps are at points where the number of (non-aliased) harmonics changes; had we incorporated aliased signals into our data reduction scheme, these steps would have been smoothed out. The sensitivity varied as a function of sky position due to di erences in gain across the telescope beam, di erences in gain and spillover at di erent zenith angles, and di erences in the background sky temperature. Figure 5 shows the amount of sky searched with di erent sensitivities, quanti ed as the minimum detectable ux density for long period pulsars.
Results
We detected 61 pulsars, of which 24 were not previously known. These pulsars are listed in Tables 1 and 2 . Signal-to-noise ratios quoted in the tables are those of the original search data. For technical reasons, our SNR values tend to be underestimates for SNR> 20 (i.e., the pulses were \clipped"). We have indicated this by showing such SNRs as lower limits in the tables. Because the relation between ux and SNR depends on the detailed pulse shape, there is no robust scheme by which uxes can be derived from the SNR values to better than a factor of two or so. Further, ux density values from a single observation are necessarily unreliable due to interstellar scintillation. Therefore we will not attempt to estimate uxes here, but we present careful measurements elsewhere (Camilo & Nice 1995) .
{ 10 { The known pulsars in Table 2 were re-discovered in the search in an unbiased manner. Several cataloged pulsars were nominally within the main beam of the telescope but were not detected (see Table 3 ). This is likely because reduction of their already low ux densities by scintillation pushed them below the search threshold. Also, it should be noted that the positions of these sources have high uncertainties (about the same as our beam size), and the error boxes surrounding three of them (B1906+09, B1911+09, and B1929+15) were not fully covered in the present search.
The positions of the detected pulsars are illustrated in Figure 1 . Note that the previously known sources tend to be near the Galactic plane (jbj < 4 ), and the newly discovered ones tend to be farther away (jbj > 4 ). This is largely because the Hulse & Taylor (1975) survey, in which the bulk of the previously known sources were discovered, was restricted to jbj < 4 . The locations of the pulsars projected onto the Galactic plane are given in Figure 6 . It is clear that the detected millisecond pulsars are much closer to the Sun than the slow pulsars (mean distance of 1.1 kpc versus 3.3 kpc). This can be attributed in part to our reduced sensitivity at shorter periods ( Figure 4) ; however, millisecond pulsars with periods of 3 to 5 ms, such as B1855+09 or J2019+2425, must also have mean luminosities somewhat less than their slow pulsar counterparts.
For a ux limited survey of a locally homogeneous population, the volume of space observed (and hence the number of objects detected) is proportional to sensitivity raised to the 3=2 power, or ?3=2 . (In principle this should be modi ed for fast pulsars, for which dispersion smearing reduces somewhat the gains achieved by decreasing the limiting ux density; we will ignore such details here.) For each pointing, then, the (relative) volume searched can be calculated. The absolute volume depends on type of pulsar and intrinsic luminosity, but beam-to-beam ratios of volumes remain xed. Figures 7a and 7b show the average (relative) volume searched per beam as a function of Galactic latitude and longitude. The average volume increases with decreasing jbj because, for reasons related to telescope scheduling, observations at large jbj tended to have large zenith angles and therefore low gain and large spillover. The small cusp at jbj < 2 is due to the dramatic increase in sky temperature along the Galactic plane.
The total volumes searched as a function of Galactic latitude and longitude are given in Figures 7c and 7d . The densities of pulsars detected (number of pulsars divided by volume) are given in Figures 7e and 7f . The relatively uniform distribution of density with Galactic latitude can be attributed to the concentration of our survey towards low latitudes, below the height at which the pulsar population tapers o . The distinct increase in slow pulsar density with decreasing Galactic longitude re ects the concentration of these pulsars inwards of the solar circle, a common feature of pulsar population models (e.g., Lyne, Manchester, & Taylor 1985) . Because the millisecond pulsars detected in this survey span a much smaller region of the Galaxy, a similar large-scale pattern would be impossible to detect in our data.
Summary
We have presented results of a survey sensitive to both slow and fast pulsars. Sensitivity varied signi cantly due to variations in sky temperature, telescope system temperature, and telescope gain. Long period pulsars with ux densities of 0.9 mJy or more at 430 MHz could be detected in a typical pointing. Sensitivity to pulsars at short periods was reduced, with attenuation by a factor of 10 at the period of the fastest known pulsar (1.56 ms). Still, strong pulsars with sub-millisecond periods could have been detected.
Fifty-seven slow and four millisecond pulsars were detected. The slow pulsars show some evidence of concentration towards the Galactic center. The distances to the millisecond pulsars are on average only one third the distances to the slow pulsars due to a combination of lower sensitivity to fast pulsars and lower intrinsic luminosities of fast pulsars.
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